T he deorphanized G protein-coupled receptor 103 (GPR103) (1, 2) is known to be activated by its endogenous peptide agonists QRFPs (3, 4) , a 43-aa pyroglutamylated RFamide peptide and its constitutive C-terminal part QRFP-26 (also known as 26RFa). In rodents, the activation of GPR103 by intracerebroventricular administration of QRFP peptides results in orexigenic activity (3, 5, 6) . In addition to an increase in fat mass and body weight, long-term central administration of QRFP leads to reduced thermogenesis (6) . Besides stimulating food intake, an effect which appears to be exacerbated when the animals are fed a high-fat diet (HFD) (6, 7) , GPR103 receptors and QRFP have been shown to be involved in regulating behavioral arousal, blood pressure (5), bone formation (8) , gonadotropic axis (9), aldosterone secretion (4), insulin secretion (10) , and analgesia (11) . However, whether GPR103 and QRFP may also exert metabolic effect at the periphery has not been investigated.
The orexigenic response of QRFP mediated through GPR103 signaling involves central neuropeptide Y (NPY) pathways (5, 12) . The GPR103 receptor shares significant sequence identity with NPFF2, NPY-Y2, and galanin-R1 receptors (1) . Two subtypes of GPR103 have been identified in rodents, mGPR103a and mGPR103b, while only one receptor has been identified in human, hGPR103 (5) . Rodent subtypes feature differential expression: whereas mGPR103a is mainly distributed to the central nervous system, retina, thymus, liver, kidney, and bladder, mGPR103b is expressed in multiple tissues, predominantly in nuclei of the hypothalamus regulating appetite (13) . QRFP peptides are expressed in multiple tissues, predominantly in brain (14) , but also in peripheral tissues including white adipose tissue (WAT) (13) . Interestingly, other members of the RFamide peptides family, including the neuropeptides FF, AF, and SF, were found to modulate adipose tissue differentiation (15) , adipocyte metabolism (16) , and to regulate food intake (17, 18) . In the present study, we investigated whether GPR103b plays a regulatory role in adipogenesis after its activation by QRFP peptides.
To this aim, the expression of GPR103b and QRFP in 3T3-L1 adipocytes has been assayed by quantitative realtime PCR (qPCR) along with flow cytometry for GPR103b detection by immunofluorescence in differentiated 3T3-L1 adipocytes. Functional lipolysis assays and determination of triglyceride accumulation were performed, along with gene expression profiles of adipogenic transcription factors and fatty acid (FA) transporters. The involvement of GPR103b in these cellular responses has been confirmed by gene silencing using retrovirus infection. In vivo expression profiles of mGPR103b and QRFP were documented in mouse adipose tissues following a high-fat feeding regimen. In addition, the physiological relevance of GPR103b in human adipose tissue metabolism has been investigated with isoproterenol (ISO)-induced lipolysis experiments in human omental adipocytes. Our findings support that GPR103b and QRFP might regulate adipogenesis through an autocrine/paracrine mechanism.
Results

Expression profile of GPR103 receptors and QRFP in 3T3-L1 cells
The mRNA expression of GPR103 receptor subtypes was investigated in 3T3-L1 preadipocytes and differentiated adipocytes by RT-PCR. We found that the mRNA levels of GPR103b, and not those of GPR103a, are induced in a time-dependent manner after initiation of 3T3-L1 cell differentiation (Fig. 1, A and B). Increased mRNA levels correlated with increased GPR103b receptor expression as assessed by flow cytometry (Fig. 1C) . Low levels of QRFP mRNA were detected in 3T3-L1 preadipocytes (Fig. 1A) , which increased by 5-fold (P Ͻ 0.05) at d 4 after the induction of differentiation and appeared to plateau thereafter (Fig. 1D) .
Effects of GPR103 activation by QRFP peptides on adipogenesis and lipolysis in differentiated 3T3-L1
To assess the potential role of GRP103b on 3T3-L1 differentiation, cells were incubated in the presence of QRFP-43 or -26 (10 nM) during 4 d, from d 2 after the induction of differentiation. At the end of the incubation period, neutral lipids were stained with Oil Red O (ORO) and quantified by optical densitometry. Our results show that QRFP peptides increased intracellular triglyceride content, as shown by increased ORO staining ( Fig. 2A ) by 1.4-fold (QRFP-26) and 1.5-fold (QRFP-43) (P Ͻ 0.01), whereas 167 nM insulin induced a 1.2-fold (P Ͻ 0.05) elevation (Fig. 2B) .
To assess whether the observed increase in triglyceride content in QRFP-treated adipocytes was associated with increased lipid uptake, we investigated the effect of the peptides on FA uptake. We first determined lipoprotein lipase (LPL) activity, inasmuch as the latter is responsible for the generation of FA from circulating triglyceride-rich lipoproteins. Insulin (167 nM), used as a positive control (19) , increased LPL activity by 3.2-fold (P Ͻ 0.01) compared with vehicle on d 2 following the induction of differentiation of 3T3-L1 adipocytes (Fig. 2C) . In comparison, incubation with 10 and 1000 nM QRFP-26 resulted in a significant 2-(P Ͻ 0.05) and 2.4-fold (P Ͻ 0.01) increase in LPL activity, respectively (Fig. 2C) . FA uptake was investigated using a C 12 -BODIPY FA. Incubation of differentiated adipocytes with insulin (167 nM) for 2 h resulted in a 53 Ϯ 10% (P Ͻ 0.01) increase in FA uptake compared with vehicle ( Fig. 2D) , whereas QRFP-43 and -26 (10 nM) treatment resulted in a 27 Ϯ 3 and 31 Ϯ 2% (P Ͻ 0.05) increase in FA uptake compared with vehicle, respectively. High concentrations (1000 nM) of QRFP-43 and -26 ( Fig. 2D ) further increased FA uptake by 62 Ϯ 5 and 58 Ϯ 6% (P Ͻ 0.01), respectively, supporting a role for GPR103b in regulating FA uptake in 3T3-L1 adipocytes.
We next investigated the role of GPR103b on differentiated adipocyte functional response, using ISO-induced lipolysis. Neither QRFP-43 nor QRFP-26 had an effect on basal lipolysis (data not shown); however, both peptides inhibited ISO-elicited lipolysis in a dose-dependent manner, with IC 50 s of 2.3 Ϯ 1.2 and 1.1 Ϯ 1.0 nM, respectively (Fig. 2E) . In contrast, QRFP-28n, which displays weak affinity for GPR103 (4), had no effect on ISO-induced lipolysis (Fig. 2E) .
Effects of GPR103b silencing on QRFP-dependent responses in differentiated 3T3-L1 adipocytes
To determine the involvement of GPR103b in mediating the effects of QRFP on adipocytes, we used retroviraldelivered short hairpin RNA (shRNA) to knockdown the expression of GPR103b in 3T3-L1 adipocytes. As shown in Fig. 3, A and B, an infection with a shRNA sequence specific for GPR103b (shGPR103b) decreased the expression of GPR103b by 67% (P Ͻ 0.05), at the mRNA level, and by 46% (P Ͻ 0.05) at the protein level, compared with an infection with the empty vector (pRS-Neo). Interestingly, an infection with a nontargeting shRNA (shcontrol) increased the mRNA of GPR103b without affecting its protein expression. The knockdown of GPR103b did not affect 3T3-L1 differentiation compared with empty vector and nontargeting shRNA infections as shown by ORO staining of differentiated cells (Fig. 3C) . The decrease in GPR103b immunofluorescence following specific shRNA infection is shown by a left shift in the fluorescence histogram compare to empty vector and nontargeting shRNA infections (Fig. 3D) . Specific GPR103b knockdown abolished the increase in FA uptake as shown in Fig.  3E . Neither control infections, with empty vector or nontargeting shRNA sequence, modulated QRFP-43 and -26 abilities to increase FA uptake. The GPR103b knockdown did not affect insulin-mediated FA uptake, which was used as a positive control. These results suggest that triglyceride accumulation and FA uptake induced by QRFP-43 and -26 in differentiated adipocytes is mediated by the GPR103b receptor. Furthermore, specific GPR103b knockdown abolished the antilipolytic effects of QRFP-43 and -26 on ISOinduced lipolysis (Fig. 3F) . In agreement, an infection with the empty vector or nontargeting shRNA did not affect the antilipolytic effect of QRFP peptides on ISO-induced lipolysis. In the latter case, both QRFP-43 and -26 inhibited ISO-induced lipolysis in a dose-dependent manner, supporting that the inhibitory effect of QRFP on ␤-adrenergic agonist-stimulated lipolysis is GPR103b-dependent.
GPR103b activation increases adipogenic genes in 3T3-L1 adipocytes
Using qPCR analysis, we tested the expression of adipogenic genes in differentiated 3T3-L1 adipocytes incubated for 2 d with 10 nM QRFP-26 or QRFP-43. The expression of peroxisome proliferator-activated receptor-␥ (PPAR-␥) and CCAAT/enhancer binding protein-␣ (C/EBP-␣) as transcription factors involved in adipocyte differentiation was quantified, as well as that of CD36 and fatty acid transport protein-1 (FATP1) as long-chain FA transporters, of LPL, involved in lipid uptake, and of acyl-CoA synthetase long-chain family member 1 (ACSL1), involved in intracellular triglyceride formation. Treatments with QRFP-43 and QRFP-26 increased the expression of PPAR-␥ by 2.2-and 1.7-fold (P Ͻ 0.05), of C/EBP-␣ by 2.7-and 2.4-fold (P Ͻ 0.05), of CD36 by 3.0-and 2.2-fold (P Ͻ 0.01), of LPL by 2.9-(P Ͻ 0.05) and 2.0-fold, of FATP1 by 2.6-(P Ͻ 0.01) and 2.1-fold (P Ͻ 0.01), and of ACSL1 by 3.7-(P Ͻ 0.01) and 2.6-fold (P Ͻ 0.01), respectively, over nontreated differentiated 3T3-L1 adipocytes (Fig. 4A) . Treatment of empty vector and nontargeting shRNA infected 3T3-L1 cells has also shown a significant increase of the expression of PPAR-␥, C/EBP-␣, CD36, LPL, FATP1, and ACSL1. However, specific knockdown of GPR103b abolished the induction of these genes by QRFP ( 
Effect of diet-induced obesity on GPR103b and QRFP expression in adipose tissue depots
To determine the relevance of GPR103b and QRFP pathway in vivo, we investigated their expression levels in different adipose tissue depots in a mouse model of diet-induced obesity (DIO). Using qPCR, we measured the mRNA levels of both GPR103b and QRFP in epididymal, perirenal, and inguinal (sc) fat depots from mice fed a HFD or normal diet for 24 wk. DIO increased by 16-fold the expression of GPR103b in epididymal fat depots compared with mice fed a normal diet, while no significant increase was found in perirenal and inguinal fat depots (Fig. 5A ). In contrast, DIO decreased the expression of QRFP by 46 Ϯ 0.2% (P Ͻ 0.05) in epididymal, 58 Ϯ 0.3% in perirenal, and 69 Ϯ 0.3% (P Ͻ 0.05) in inguinal fat depots (Fig. 5A ). Fat depots are heterogeneous in their cell composition. To confirm that DIO was associated with changes in QRFP/GPR103b expression in adipocytes, epididymal adipocytes from mice fed normal chow or HFD for 18 wk were isolated and mRNA levels were determined. DIO increased GPR103b expression by 5.2-fold (P Ͻ 0.01) in isolated adipocytes, whereas QRFP expression was decreased by 60%, as observed for the epididymal fat (Fig. 5B) .
QRFP-induced GPR103 activation inhibits ISO-induced lipolysis in human omental adipocytes
Adipocytes obtained from human omental fat were found to express hGPR103 mRNA (Fig. 6A) . The effect of QRFP-43 was then investigated on ISO-induced lipolysis in human omental adipocytes. ISO increased lipolysis by 3-fold over control, as assessed by glycerol release in the culture medium, after 2-h incubation (Fig. 6B) . QRFP-43 dose-dependently counteracted the lipolytic effect of ISO by significantly reducing glycerol release. Interestingly, at the highest concentration tested (100 nM), QRFP-43 antilipolytic effect, although being less potent, was similar to that exerted by 100 nM insulin, which was used as positive control. By contrast, whereas insulin showed antilipolytic action even in the absence of ISO, QRFP-43 alone had no effect. These results suggest that GPR103 counteracts lipolysis in human omental adipocytes by inhibiting ISO-induced glycerol release.
Discussion
In the present study, G protein-coupled receptor 103b and its ligands, QRFP-43 and -26, have been identified as new peripheral regulators of adipogenesis. Indeed, the RFamide peptides QRFP-43 and -26, known for their role in the central regulation of appetite (3, 6) , are now shown to function as adipogenic factors in peripheral WAT. We also show that the GPR103b subtype, previously identified as a hypothalamic receptor with orexigenic activity (3), is expressed in WAT. Its physiological relevance is supported by specific changes in gene expression levels following long-term highfat feeding in mice and the differential expression pattern of the QRFP/ GPR103b receptor pathway in different fat depots. Human omental fat also expresses the GPR103 receptor, and QRFP-43 relevantly inhibits ISO-induced lipolysis in human adipocytes. The growing problem of obesity has forced investigators to focus on adipocytes as target. The quest for a cure for this condition has allowed the discovery and characterization of new GPCR peptidic ligands expressed and released by adipocytes that play a role in adipogenesis in an autocrine/paracrine manner. Among these, some are peptides also known for their central orexigenic effect, like NPY working through NPY1R (20) and NPY2R (21) , and ghrelin working through GHS-R1a (22) . These peptides increase adipogenesis to yield a global anabolic effect in agreement with their orexigenic attributes. Using an in vitro model (e.g. the 3T3-L1 cell line), a well-established reliable model of adipogenesis (23), we examined the mRNA expression levels of GPR103b and QRFP before and after the induction of adipocyte differentiation. Whereas differentiated 3T3-L1 adipocytes express exclusively the GPR103b receptor but not the GPR103a receptor subtype, neither subtypes were present in preadipocytes. Yet, the expression of GPR103b and QRFP, as measured by qPCR, increased during adipocyte differentiation. These data correlated with the detection of GPR103b protein expression measured by flow cytometry immunofluorescence in differentiated 3T3-L1 adipocytes.
The activation of GPR103b by QRFP was found to increase intracellular triglyceride accumulation in 3T3-L1 cells, which have been committed toward differentiation as shown by an approximate 1.5-fold increase in ORO-stained lipid droplets in QRFPtreated cells. In contrast, no effect of QRFP has been observed in nondifferentiated 3T3-L1 cells, in accordance with the absence of GPR103b in naive preadipocytes (data not shown). Both QRFP-26 and -43 regulated triglyceride metabolism in mature 3T3-L1 adipocytes, as shown by a potent antilipolytic action on ISO-induced lipolysis. The QRFP-28n fragment, which features weak binding affinity for GPR103 (4), was unable to inhibit ISO-induced lipolysis, thereby supporting a specific role for GPR103 in mediating the effect of QRFP. Using a retroviral-delivered shRNA to knockdown GPR103b, we demonstrated that both QRFP-43 and -26 could not inhibit ISO-induced lipolysis neither stimulate FA uptake in GPR103b knockdown cells. Overall, these results suggest that GPR103b promotes anabolism by increasing fat storage and by decreasing triglyceride hydrolysis in adipocytes. These observations suggest that QRFP may play a role in triglyceride metabolism similar to that of NPY and ghrelin. Indeed, both ghrelin (22, 24) and NPY (25) have been reported to inhibit ISO-induced lipolysis in isolated fat cells. In addition, both NPY and ghrelin have been reported to increase adipogenesis (21, 26) and food intake (27) (28) (29) . In contrast, other RFamide peptides like NPFF, NPAF, and NPSF were shown to inhibit, rather than increase, adipocyte differentiation, by up-regulating the ex- pression of Id3, a transcription factor that inhibits adipogenesis (15) . The role of LPL in catalyzing the hydrolysis of lipoproteins to generate free fatty acids that can be transported in adipocytes following an anabolic process is well established. LPL is regulated by hormones and nutrients in a tissue-specific manner (30 -32) . Among the hormones involved in the regulation of LPL activity, insulin was shown to regulate LPL activity in adipocytes by posttranscriptional and posttranslational mechanisms (19, 33, 34) . Insulin decreases the intracellular pool of LPL and increases the cell surface-associated LPL released by heparin (33) . Heparin-releasable LPL activity was increased significantly following treatment of 3T3-L1 adipocytes with QRFP-26. This increase of LPL activity promoted by QRFP was less than that mediated by insulin with a 3.4-fold increase in heparin-releasable LPL activity, in agreement with previous studies (19) . In parallel to this observation, LPL activity within 3T3-L1 cells decreased after insulin and QRFP-26 treatment (data not shown). However, LPL mRNA expression was up-regulated by QRFP, suggesting a regulatory effect of QRFP on LPL expression and release. The LPL activity correlated with FA uptake and storage in adipocytes. Using RNA interference, Gonzalez and Orlando (35) demonstrated that a 50% loss of LPL activity led to a reduction of 80% in intracellular lipids. The relevancy of increased LPL activity by QRFP is confirmed by an increase in the cellular uptake of fluorescent free FA (C 12 -BODIPY) in 3T3-L1 adipocytes, as measured by flow cytometry (Fig. 2D) . This increased cellular uptake of lipids was associated with an increase in FA transport proteins, CD36 and FATP1, mRNA levels that have been involved in the process of FA uptake in adipocytes (36) . QRFP also induced the increase of ACSL1 expression, an enzyme which converts intracellular free long-chain FA into fatty acyl-CoA esters (37) (38) (39) . This increase of ACSL1 correlated with the effect of QRFP on the increased expression of key transcription factors, such as PPAR-␥ and C/EBP-␣ (Fig. 4) , which control the expression of proteins involved in adipogenesis (40 -42) . In agreement, the up-regulation of adipogenic genes by QRFP was inhibited when GPR103b was knocked down. Taken together, these data suggest that genes involved in the storage of lipids within adipocytes are up-regulated in a GPR103b-dependent manner following a treatment with QRFP.
Our results show that the expression of GPR103b and QRFP are modulated in a state of obesity. In a mouse model of DIO, a model mimicking the most prevalent type of human obesity (43) , the expression of GPR103b was strikingly increased in epididymal fat tissue compared with mice fed a normal diet, whereas no difference was observed in perirenal and inguinal fat tissues (Fig.  5A) . The expression of GPR103b followed the same pattern in adipocytes isolated from epididymal fat tissue of DIO mice. This observation supports a role for GPR103b in metabolically active fat tissue such as abdominal fat, whereas its function appears to be less apparent in sc (inguinal) fat tissue, with a limited role in triglyceride metabolism (44) . Using the same DIO mouse model, QRFP gene expression levels were found to be decreased in epididymal, perirenal, and inguinal fat tissues as well as in isolated adipocytes from HFD-fed mice. The downregulation of QRFP mRNA in a state of obesity suggests that the expression of this peptide may be decreased by proinflammatory cytokines like TNF-␣, as shown in differentiated 3T3-L1 cells (Supplemental Fig. 2) , in a similar manner to that of adiponectin in a state of obesity (45, 46) .
The unique human form of GPR103 is expressed in omental fat tissue and appears to mediate an inhibitory effect on ISO-induced lipolysis as documented in human isolated adipocytes. This inhibition was similar to that seen with ISO-induced lipolysis in 3T3-L1 cells. Interestingly, in contrast to insulin, QRFP did not show any effect on basal lipolysis of human omental adipocytes.
The pathophysiological relevancy of GPR103b in obesity has not been determined so far. A mouse with a gene deletion for GPR103a has been generated (8), but their body weight was normal. This is in agreement with the fact that GPR103a is not expressed in murine adipocytes. It also suggests that the role of GPR103a in the hypothalamus could be less important than that of GPR103b in the regulation appetite. Along that line, a GPR103b-deficient or a QRFP-deficient mouse would be helpful to assess the relative role of QRFP peptides in obesity. Insights regarding the intracellular pathways activated by GPR103, including cAMP production (3), pertussis toxin-sensitive Gi-protein (10), and Gq-protein (calcium mobilization) pathways (5) have been proposed in different cell types. Additional studies will be necessary to delineate the signaling pathways mediating the acute antilipolytic effect associated with GPR103b activation in adipocytes.
In this work, we reported a novel role for GPR103b as a peripheral modulator of adipogenesis that could function with QRFPs in an autocrine/paracrine manner. Nevertheless, more exhaustive in vivo studies are needed to confirm GPR103b and QRFP as potential targets for the treatment of obesity.
Materials and Methods
Animals
All experimental protocols were approved by the Institutional Animal Ethics Committee of the Université de Montréal, in accordance with the Canadian Council on Animal Care guidelines for use of experimental animals and the Guide for the Care and Use of Laboratory Animals published by the United States National Institutes of Health (A5213-01). Wild-type C57BL/6 mice were weaned at 4 wk old and put on either normal chow (D12450B, 10% calories from fat) or a HFD (60% kcal from fat, D12492), from Research Diets Inc. (New Brunswick, NJ) for 18 or 24 wk as a model of diet-induced obesity. At 22 or 28 wk old, mice were killed by CO 2 asphyxiation and adipose tissues from perirenal, inguinal, and epididymal depots were collected and kept at Ϫ80 C until RNA extraction. 
mRNA expression of GPR103b during 3T3-L1 differentiation
Total RNA was extracted with TRIzol LS reagent and treated with DNase I Amplification Grade according to manufacturer's instructions. cDNA was synthesized from DNasetreated total RNA with random primers and Moloney murine leukemia virus reverse transcriptase. For RT-PCR, primers for GPR103a, sense: 5Ј-TCT TTG GCA ACT CTC TGG TCA TC-3Ј, antisense: 5Ј-CTT CGG GTA GTG TAC TGC CAC T-3Ј; GPR103b, sense: 5Ј-CGA TAT CAA GTG GTG TGA ACA GCC-3Ј, antisense: 5Ј-GGG TCT CTT GTA GCC CAG GT-3Ј); -TCT GCC GTC CTT ACC ATC TCA-3Ј, antisense: 5Ј-TCT CAG GAC TGT CCC AAA GGA G-3Ј; and  RNA 18S, sense: 5Ј-GGA CCA GAG CGA AAG CAT TTG  CC-3Ј, antisense: TCA ATC TCG GGT GGC TGA ACG C-3Ј) were used to assess mRNA expression levels at different stages during 3T3-L1 adipocytes differentiation, using Taq DNA polymerase. PCR products were separated on 1.5% agarose gel. qPCR of GPR103b and ␤-actin (sense: 5Ј-ATTACTGCTCTG-GCTCCTA-3Ј, antisense: 5Ј-TCTGCTGGAAGGTGGACA-3Ј) were performed using a Platinum SYBR Green Supermix-UDG with Rox. Gene expression levels were quantified by SYBR Green real-time PCR using Rotor-Gene 3000 (Corbett Research, Mortlake, New South Wales, Australia). GPR103b mRNA levels were normalized to ␤-actin mRNA, and relative gene expression was calculated using the comparative Ct (2 Ϫ⌬⌬Ct ) method. Data are presented relative to the expression found in hypothalamus. A detailed description of primer sequences is found in Supplemental Table 1 .
Detection of GPR103b by flow cytometry immunofluorescence in 3T3-L1 adipocytes
GPR103b was detected by a polyclonal rabbit antimouse GPR103b antibody generated in our laboratory by using the peptide GPR103b [Glu (400) to Cys (414)] coupled to keyhole limpet hemocyanin as immunogen. The specific anti-GPR103b Igs were purified by affinity on 6% cross-linked agarose coupled to the GPR103b [Glu (400) to Cys (414)] peptide. Trypsinized 3T3-L1 adipocytes were fixed with 2% formaldehyde in PBS and permeabilized with 0.5% Tween 20 in 0.02% BSA-PBS. Cells were first stained with rabbit antimouse GPR103b IgG (or preimmune purified IgG and rabbit IgG isotype used as controls; 20 g/ml in permeabilization buffer) and then with R-phycoerythrin goat antirabbit IgG (4 g/ml in permeabilization buffer). Fluorescence intensity was measured by flow cytometry with a FACSCalibur Becton Dickinson flow cytometer (BD Biosciences; San Jose, CA), and the results were analyzed using CellQuest software (BD).
ORO staining
At d 2 of differentiation, 3T3-L1 cells were cultured in DMEM with 10% FBS and incubated with 167 nM insulin and 10 nM QRFP-43 or QRFP-26 for 4 d. Cells were fixed for 1 h with 10% buffered formalin and stained with a solution of 0.6% (wt/vol) ORO in 60% isopropanol for 1 h. Cells were then washed 3 times, alternating between 60% isopropanol and water, and then photographed using Axio Imager microscope (Carl Zeiss Inc., Thornwood, NY). ORO stain was then eluted with isopropanol and quantified by measuring the optical density at 510 nm. The results are expressed as fold increase over control.
Fatty acid uptake (BODIPY 3823)
4,4-Difluoro-5-methyl-4-bora-3a-diaza-3-indacene-3-dodecanoic acid (C 12 -BODIPY 3823)-labeled FA was used for measuring long-chain FA uptake in differentiated 3T3-L1 adipocytes. Cells were starved for 1 h and then incubated with QRFP peptides (0.1, 10, and 1000 nM). After 2 h of treatment, cells were washed with PBS and incubated with PBS containing 20 M FA-free BSA (Sigma A8806) and 10 M C 12 -BODIPYlabeled FA for 2 min at 37 C. Cells were then washed extensively with PBS containing 0.1% BSA. Cells were suspended in cold DMEM buffered with 25 mM HEPES to pH 7.5 for cytometric analysis. BODIPY fluorescence intensity was measured by flow cytometry with a FACSCalibur flow cytometer, and the results were analyzed using CellQuest software.
LPL enzyme activity assay
Two days after the induction of differentiation, 3T3-L1 cells were incubated in DMEM supplemented with 5% of heat inactivated (55 C for 30 min) FBS for 24 h. Cells were then incubated, or not, with 167 nM insulin and QRFP-26 (10 and 1000 nM) for 2 d. Heparin (10 UI/ml) was added to the incubation media, which was collected after 30 min. The heparin-releasable LPL activity was measured with the LPL activity kit (Roar Biomedical Inc., New York, NY) using a nonfluorescent substrate emulsion that becomes intensely fluorescent upon interaction with LPL, according to the manufacturer's instructions. Results are expressed as fold increase of relative enzyme activity normalized to DNA content.
Lipolysis experiments
3T3-L1 adipocytes were incubated at 37 C for 1 h with serum-free DMEM containing 200 nM adenosine as described by Viswanadha and Londos (47) . The inhibitory effect of QRFP (preincubated for 30 min) on ISO-induced lipolysis in 3T3-L1 adipocytes was assessed in DMEM supplemented with 2% FAfree BSA containing adenosine deaminase (1 U/ml). After 30 min stimulation with ISO, the incubation medium was collected for free glycerol measurement using the free glycerol reagent (Sigma F6428) and total protein by the BCA protein assay (Pierce, Rockford, IL). The amount of glycerol released was calculated as mol/mg protein and expressed as a percentage of ISO-induced lipolysis. The lipolysis index was calculated as follows: (sample free glycerol concentration Ϫ basal concentration)/ (ISO-elicited free glycerol concentration Ϫ basal concentration).
Knockdown of GPR103b in 3T3-L1 adipocytes
Specific shRNA constructs against mouse GPR103b were custom made by Origene Technologies (Rockville, MD). HuSH 29-mer for GPR103b were provided in the pRS plasmid driven by U6-RNA promoter. Selection of a single shRNA sequence for the production of retrovirus was based on the ability of the sequence to silence the expression of GPR103b mRNA in HEK293T cells transiently cotransfected with pFLAG-CMV2-mGPR103b generated in-house. The targeted sequence selected for retrovirus production was 5Ј-CATTTGTCCAGTGCACT-GCCATTGTGACA-3Ј. Retroviruses (Moloney murine leukemia virus) were produced by transfecting HEK293T Phoenix Ampho cells (Orbigen, San Diego, CA) with the pRS-shRNA plasmids using Lipofectamine 2000 (Invitrogen). Medium containing infectious retroviruses was harvested 36 h after transfection, centrifuged to remove cell debris, and filtered on a 0.45-m filter. The infection of 3T3-L1 preadipocytes with shGPR103b retroviruses has been carried out by adding retrovirus to the culture cells in the presence of 8 g/ml Polybrene for 2 d. Control cells were infected with an empty vector retrovirus (pRS-Neo) and a nontargeting shRNA retrovirus (shcontrol). Infected cells were selected for their stable integration of the shRNA with 5 g/ml puromycin. Infected 3T3-L1 cells were then differentiated in adipocytes as described above.
Isolation of primary adipose cells from mouse fat pads
For primary adipocytes isolation, epididymal, perirenal, and inguinal fat pads were minced and digested in Krebs-Ringer-Bicarbonate-HEPES buffer [20 mM HEPES (pH 7.4), 120 mM NaCl, 4.7 mM KCl, 1.2 mM K 2 HPO 4 , 2.5 mM CaCl 2 , 1.2 mM MgSO 4 , 24 mM NaHCO 3 ] saturated with CO 2 and containing 6 mM glucose, 1% BSA, and type 2 collagenase (2 mg/g tissue) (Sigma C6885). The cell suspension was filtered through a nylon mesh, and isolated adipocytes were washed three times with warm Krebs-Ringer-Bicarbonate-HEPES buffer containing 1% BSA. The adipocytes were kept at Ϫ80 C until RNA extraction.
Human subjects
Adipose tissue samples were obtained from obese adult subjects undergoing laparoscopic antiobesity surgery. Specimens of adipose tissue (2-5 g) from the abdominal omental region were obtained at the beginning of surgery (n ϭ 5). No selection was made for age, sex, or body mass index. Age was between 40 and 50 yr. These subjects were included for studies on adipocyte differentiation. The study protocol was approved by the Local Ethical Committee (Department of Internal Medicine, University of Turin), and all subjects gave their written informed consent.
Expression of hGPR103 and lipolysis experiments in human omental adipocytes
Adipose tissue was minced into small pieces and digested at 37 C for 2 h in DMEM/Ham's F12 medium with 750 g/ml type 1 collagenase (Sigma-Aldrich, Milan, Italy). The tissue was then diluted with PBS and filtered through a 100-m nylon mesh. The stromal cells were separated from the floating mature adipocytes by centrifugation. Total RNA was extracted as described above, and GPR103 mRNA was detected by RT-PCR in human omental mature adipocytes using the following primers: sense 5Ј-TAG GAT CAC CCA TGT GGC ACG T-3Ј and antisense 5Ј-AAG AGA GCC ACC ACT GTC ACC ATC-3Ј, as previously described (10) . The PCR products were analyzed on a 1.5% agarose gel stained with ethidium bromide. Amplification of human ␤-actin mRNA served as internal control, sense 5Ј-GGT CAT CTT CTC GCG GTT GGC CTT GGG GT-3Ј and antisense 5Ј-CCC CAG GCA CCA GGG CGT GAT-3Ј. For lipolysis experiments, 40 l of mature adipocytes were then collected and transferred into a 96-well plate containing 100 l of Lipolysis Assay Kit Buffer (Zen-Bio, Research Triangle Park, NC) in the presence or absence of either QRFP-43 (1, 10, 100 nM) or insulin (100 nM). After 40 min, lipolysis was induced by addition of ISO (1 M) for 80 min. Following the manufacturer's instructions, 50 l of medium were then transferred into a new 96-well plate for glycerol measurement. Results are expressed as percentage of glycerol release in the basal condition used as control.
Statistical analysis
Data are expressed as mean Ϯ SEM. Data were analyzed using nonlinear regression analysis software PRISM (GraphPad, San Diego, CA), and significance was tested using a one-way ANOVA with Dunnett's post test. P Ͻ 0.05 was considered as statistically significant. For expression in isolated adipocytes and in different fat pads, an unpaired Student's t test was used.
